Optimized Trigger for Ultra-High-Energy Cosmic-Ray and Neutrino
Observations with the Low Frequency Radio Array The maximal interferometric baseline within the Netherlands is on the order of 100 km.
86
LOFAR works with two distinct antenna types, Low Band Antennas (LBA), which operate has a 10 Gbit/s connection to CEP with a real data rate between 3.2 Gbit/s per station. The
100
CEP is an IBM Blue Gene/P supercomputer and additional off-line clusters, located in Gronin-101 gen, and is responsible for collecting and processing the data from the LOFAR stations. The 102 beams of the core stations are added in phase to form tied-array beams online at CEP [35, 36] .
103
The use of tied-array beams improves the pointing resolution of LOFAR, since the core stations 104 have an interferometric baseline on the order of 2 km. In addition, tied array beam forming, by 105 summing station beams in phase, increases the effective area and thus the signal to noise ratio.
106
In parallel to this online data-processing, the digitized raw data of each tile are stored in ring 107 buffers, the Transient Buffer Boards (TBBs), at the station. The raw data stored in the TBBs 108 can be accessed for offline processing [42] . Each TBB stores the data from 8 dual polarized 109 tiles for 1.3 s where there are advanced plans to extend this to 5.2 s. The boards will upload 110 these data to CEP when triggered by the pulse detection software.
111
The observation mode of LOFAR to detect cosmic rays and neutrinos at energies above The data flow through the system starting at the antennas is schematically depicted in Fig. 1 .
121
The main structures indicated are the many stations in the field, schematically shown by the 
142
Once the data have been converted back to the time-domain, each beam is searched for 143 suitable pulses. The design of an efficient search procedure is the main subject of this work.
144
In practice, many pulses will be due to transient noise. It is necessary to have an efficient 145 procedure to distinguish the noise pulses from genuine cosmic ray events (hereafter "genuine" 146 pulses will refer to events caused by cosmic ray and neutrino impacts on the Moon). We 147 can make use of the fact that genuine pulses come from a very localized spot on the Lunar 148 surface. A genuine pulse will thus be detected in one or at most a few adjacent beams. In 
156
In our analysis, we have simulated each block in the data-processing chain of Fig. 1 that the subband selection will affect the structure of the time-domain data that is reconstructed 174 at CEP. In turn, this structure affects how well CEP detects NuMoon pulses.
Narrowband radio frequency interference mitigation
In Fig. 2 we have performed an offline check on the HBA data, using a mask that updates regularly. shown in Fig. 3 , however, the filter gain is low for these subbands (see Fig. 2 ). Please note that 5 PM and 11 PM) and the worst situation, occurring at 11 in the morning, is given in Fig. 3 .
207
Based on the observations presented in Fig. 2 In the design of the optimum trigger condition two aspects need to be considered. The 216 first is the spreading of the pulse in the time domain due to the partial bandwidth and due 217 to ionospheric dispersion. The second important aspect is the variation of the sensitivity of
218
LOFAR over the frequency regime.
219
The effective area of the HBA tiles of LOFAR can be written as [45, 47] 220
where the change over from a constant to a frequency dependent effective area occurs at a 221 frequency of 138 MHz. The other important ingredient is the system temperature T sys =
222
T sky + T inst , where T inst ≈ 200 K is the instrumental temperature, and the sky temperature can be written as
where T s0 = 60 ± 20 K and λ has units of m. With these two ingredients the system equivalent 225 flux density (SEFD) for Nyquist sampling can be expressed as
where k is Boltzmann's constant(1.38 × 10 −23 J/K) and η ≈ 1 is the system efficiency factor.
227
The SEFD, tabulated in Table 1 The optimum condition for the trigger is that the largest number of Moon pulses will be 232 detected. For a given frequency ν we have calculated the relative count rate
where E is the neutrino energy, P ν (E) the chance of detecting a signal at frequency ν from a 234 neutrino of energy E, and Φ(E) is the neutrino flux. The latter is often chosen proportional
. The detection probability is calculated using the procedure discussed in Ref. [16] 236 including a realistic frequency dependence of the pulse. The threshold for detecting a Lunar 237 pulse is taken proportional to the SEFD given in Table 1 , where the constant of proportionality 238 cancels in taking ratios.
239
The relative count rates calculated from the SEFD and given in Table 1 show that it is 240 strongly favorable to include as many of the lower frequencies in the window as possible. Care As mentioned before, due to bandwidth limitations only 244 of the 512 subbands can be sent 247 to CEP for real-time processing. To make the optimum choice for this selection we have to take 248 into account the considerations discussed above, i.e. lower frequencies give a larger aperture,
249
and NRFI-free subbands should be selected that have a gain greater than half of the average.
250
An additional consideration is that when the bandwidth limited signal is transformed back to 251 the time domain, a pulse is still narrow in time such that a sensitive trigger can be constructed.
252
The pulse form will depend on the particularities of the selection of 244 subbands, referred to we have omitted the low-gain as well as the NRFI corrupted subbands.
255
LoB One large window at the lowest frequencies.
256
Log To give some weight to the higher frequency subbands the selected frequency channels 257 follow a logarithmic pattern with a greater density at the lower frequencies. Including
258
higher frequency components may sharpen the signal.
259
Comb As an extreme for sharpening the signal structure the frequency channels are selected in 260 a comb-like structure of groups of 50 subbands which are NRFI-free.
261
HiB One large window at the highest frequencies. Even though this choice will not optimize 262 the aperture, it diminishes the effects of ionospheric dispersion as will be discussed in 1 We used 246 subbands in the simulation, as this used to be the maximum number of bands for the core. The difference will not affect our results. 
Noise with different filtering methods

271
Before adding a pulse to a background (noise) spectrum we investigate the structure of the 272 data, in particular the extent to which the noise can be regarded as Gaussian. For this we can be eliminated by the requirement that they originate from a well-defined spot on the Lunar 286 surface.
287
On the basis of these results we conclude that for an investigation of the relative merits of 288 the various FFSs it is sufficient to run simulations where a pulse is added to a Gaussian-noise 289 spectrum. visualized as a window of time sliding over the data. We must identify both an optimum FFS 296 and an optimum size N for the window sliding over the data. This is done through simulations 297 where we add pulses of different magnitudes to a spectrum of simulated pure Gaussian noise.
298
The magnitude of these pulses is measured in terms of the average noise power, polarizations incoherently will increase the signal over noise ratio. To analyze the time series we retrieve the power from a sliding window of size N bins of 317 5 ns,
where v i is the voltage for the i th time sample. As mentioned before, the noise power σ 2 is 319 defined as the average power per time sample for a full bandwidth spectrum, after subtracting 320 the sharp-frequency RFI lines.
321
For every page of 1024 time samples, the maximum power in the window is defined as
Depending on the value of this maximum, a trigger flag will be set. In order to choose a 
Accidental noise pulses & threshold determination
326
Sometimes noise will cause a trigger-flag to be set. This is referred to as an accidental 
333
In the analysis we aim to set a threshold value for P m N which will result in a certain maximal where we expect to find a value P value the distribution should follow that of a χ 2 distribution with k degrees of freedom,
To a good approximation the number of independent degrees of freedom in the distribution is
340
given by k = N/2 since, due to the FFS, the signal is oversampled by almost a factor two. For 341 simplicity we have chosen to fit the spectrum by a convolution of a Gaussian and an exponential 342 that is cut off at the lower end,
with fitting parameters B (a normalization factor), σ (the width of the Gaussian), p co (the x-344 value where the exponential is cut off) and a (the slope of the exponential). F (x) is integrated 345 to determine the value of P t N which will correspond to the desired accidental trigger rate. As window, a larger fraction of the broadened pulse will be recovered. However, increasing the 359 size of the sliding window will also capture more noise power (see Fig. 10 ). At a certain point,
360
this captured noise power will no longer balance the increase in captured pulse power causing 361 a worsening of the signal-to-background ratio. As a first step towards finding the optimum 362 size of the window, we investigate how well the original power of the pulse is recovered by the 363 sliding-window procedure.
364
We start with a very short, delta-function like in time, pulse of unit power (when integrated 365 over the full bandwidth of the HBA subbands, before applying and filters) placed at a random 366 position in a page. The pulse is processed as described earlier: The FFS is applied after a 367 16 tap PPF, and then the signal is converted back into the time domain by applying a full analysis has been done without adding noise to the spectrum.
378
With increasing window length N , an increasing fraction of the power of the input pulse 379 is recovered. The retrieved power saturates at about 50% due to the bandwidth of the FFSs. for N = 15 is plotted in Fig. 12 for a pulse with power 144 σ 2 using the Comb-FFS. At lower 394 values of the power, the noise is following the spectrum shown in Fig. 9 , since two-third of 395 the analyzed pages contain exclusively Gaussian noise. Centered around a value of about 60 a 396 broad bump shows. This is due to those pages where a pulse was added.
397
It is instructive to develop a feeling for the numbers. When a pulse of power A 2 × σ 2 is 398 added to noise this will give a broad structure in the spectrum of P threshold for which about 80% of the added pulses is recovered thus can be approximated as
or inverted as is proportional to the total column density of electrons, the Total Electron Content (TEC).
445
TEC is a meteorological phenomenon, and it changes continuously, but most strongly during To determine the accuracy to which the STEC needs to be known to perform the proposed Lunar measurements, we have repeated the previous analysis taking a particular STEC value,
461
termed simTEC (=8 TECU in this case), to disperse the pulse that is added to the data. In the 462 analysis step the pulse is recovered taking different values of the STEC to simulate an error.
463
The difference between the two STEC values is taken according to a Gaussian distribution the pulse strength that can be recovered with a good efficiency, S 80 .
473
On the basis of these simulation one thus concludes that for the real observations one should 474 strive to determine the STEC value within an accuracy of ∆ STEC =0.5 TECU. In the simulations 475 to determine the sensitivity for detecting UHE neutrinos we will assume ∆ STEC =1.0 TECU 476 and take N = 15 to be on the conservative side. 
494
We will cover the whole Lunar surface with several beams that overlap at the FWHM angle.
495
From the beamwidth given in Table 2 it can be calculated that thus 48 beams are necessary : Shown is the detection efficiency for the optimum setting, N = 15, using the LOFAR core configuration and averaging over the full-width at half maximum of the beam.
Energy limit of ultra high energy particle
514
The detection efficiency is investigated for the various filter schemes for the LOFAR core.
515
Pulses are added to a un-correlated Gaussian background and are dispersed using Gaussian 
522
The limit for the trigger rate we want to consider is about once every minute. This gives,
523
using Fig. 19 , Table 1 , and including a factor √ 2 to account for a linearly polarized signal, an 524 80% sensitivity for pulses with an intensity in excess of 26 kJy.
525
In calculating the sensitivity of the LOFAR measurements to pulses coming from the Moon 526 one should realize that the final sensitivity reached in an off-line processing of the data cannot 527 be larger than the trigger level that has been set. Any pulses with lower strength will not 528 set the trigger flag and are thus lost for later processing. The limit considered for this work 
535
The sensitivity that can be reached in post processing is determined by the accidental rate 536 for the full LOFAR. A safe limit can be set if the accidental rate vanishes for the duration of 537 the complete observation. Setting this -relatively arbitrarily-to one month we arrive at a threshold for accidental detection which is increased by a factor of less than 1.5 (using Eq. (7)) 539 as compared to that for one accidental detection per minute (the trigger threshold). The full 540 LOFAR will have a collecting area that is double that of the core, and we will be able to use 541 the full bandwidth giving a factor 4 increase in the signal over noise ratio. The 80% sensitivity 542 level for pulses thus lies at a much lower value than the trigger value of 26 kJy. 
557
Short radio pulses emitted from the lunar regolith can also be used to detect UHE cosmic 558 rays. The main differences between the interactions of cosmic-rays and neutrinos in the regolith 559 is that in cosmic rays all the energy is converted into a particle shower while this is only of the Fig. 1 ).
604
The PPF bank is a combination of a parallel structure of M (M = 1024 for the present 605 implementation) sub-filters followed by an FFT stage [44] . Each sub-filter is a Finite Impulse
606
Response (FIR) filter (like the main filter) that filters with K = 16 taps (or filter coefficients).
607
The total filter-structure can be represented as a matrix with M rows and K columns where shows that using a PPF is a very efficient way to suppress aliasing of NRFI lines to adjacent 617 subbands which is important for efficient NRFI mitigation, as discussed in Sec. 3.1. It is computationally expensive to implement the PPF inversion, because it increases the 630 latency in the online data processing. We have considered using a fewer number of taps in the 
